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The NQR on Ba nuclei was studied in four samples of BaBi03 prepared in different ways and, in 
addition, in BaPb03. The spectrum of 137 Ba at T = 4.2 K consists of relatively broad line centered 
near 18 MHz for all BaBi03 samples and near 13 MHz for BaPbC>3 . The integrated intensity of 137 Ba 
resonance in ceramic sample BaBiC>3 synthesized at 800° C is approximately two times larger than 
in ceramic samples and single crystal prepared at 930-1080° C. The decrease of the NQR signal can 
be attributed to the partial disordering of charge disproportionated Bi ions on the two inequivalent 
sites. The broadening of the resonance indicates that local distortions of crystal structure exist in 
both compounds. The point charge model was used to analyse the electric field gradient on the Ba 
sites. 
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I. INTRODUCTION 



The valence state of Bi in BaBi03 has long been the 
matter of dispute. Two models invoked are the domi- 
nation of the Bi 4+ valency implied by the composition, 
and the charge disproportionation of Bi 4+ ions into Bi 3+ 
and Bi 5+ (in the ionic limit) giving rise to commensu- 
rate charge-density waves. The latter model is based on 
the results of neutron diffraction which demonstrate that 
the Bi ions occupy two crystallographically inequivalent 
sites with significantly different Bi-0 bond lengths . 
These results are supported by EXAFS and optical stud- 
ies |@,|[. On the other hand, band structure calculations 
H and defect simulation studies 0, supported by the 
results of x-ray photoemission || and x-ray absorption 
near-edge structure spectroscopy Q , point to a minimal 
charge transfer between the two Bi sites. 

Using the neutron diffraction technique, Chaillout et 
al. [[l0| found two types of crystal structure in BaBiOs 
samples prepared in different ways. The samples pre- 
pared or subsequently heat-treated at 800° C (group I) are 
characterized by significant differences between two aver- 
age Bi-0 distance whereas the samples synthesized from 
the melt (T = 1125°C, group II) are characterized by 
negligible differences. The DTA measurements revealed 
an additional phase transition at 860° C on heating and 
801°C on cooling in BaBiC>3. Chaillout et al. proposed 
that this transition probably corresponds to the dispro- 
portionation of the Bi into Bi 3+ and Bi 5+ cations and 
that below 800° C two structure arrangements of Bi ions 
exist. The first is characterized by a partial (75%) or- 
der of the Bi 3+ and Bi 5+ cations on the two inequivalent 
sites (group I) while the second structure corresponds to 



a total disorder of Bi 3+ and Bi 5+ cations (group II) . 

Nuclear quadrupole resonance (NQR) can provide fur- 
ther insight in the valence state of Bi because it probes 
locally a distribution of electric field gradients (EFG) at 
the lattice sites. However, up to now only 17 NMR 
studies [ [Tl"l have been performed. In the present paper 
we report the first observation of the 135 / 137 Ba NQR in 
BaBi03. The results for the samples which belong to 
group I and group II in a classification of Chaillout et 
al. are presented. For comparison the NQR of Ba in 
BaPbQ3 compound was also measured. 



II. SAMPLE PREPARATION AND 
CHARACTERIZATION 

Powder samples of BaBi03 were prepared by solid- 
state reaction in air. For the sample 1 the starting mate- 
rials BaC03 and Bi203 were mixed carefully and treated 
at 800°C for 8 h. After grinding and pressing to bars the 
sample was annealed at 800° C for 30 h. For the sample 
2 the mixtures were first fired for 11 h with three in- 
termediate grindings and pressings. The temperature of 
firing was systematically increased from 800° C to 950° C. 
The powder was then melted at 1080°C and quenched 
to room temperature afterwards. Finally, sample 2 was 
quickly heated to 930°C and slowly (1.7° h" 1 ) cooled to 
achieve the oxygen stoichiometry. Sample 3 was obtained 
in the same way as sample 2 but without melting. Single 
crystal of BaBi03 (sample 4) was prepared by melting at 
1080°C a mixture of BaC03 and Bi203, enriched with 
respect to Ba (2 at.%). 

Powder sample of BaPbQ3 was prepared by firing ap- 
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propriate mixtures of BaCC>3 and PbO at 850°C for 18 
h in air. After grinding and pressing to bars the sample 
was annealed at 950° C for 25 h. 





i i i i i 

(420) 


i i i i i i 

Sample 1 
after anneal, 
at 950°C for 6h 

/ 








(arb. un 




ISample 1 


-i— * 






intens 








1 Sample 2 


•ray 






X 


i i i 1 i 


\ Sample 3 

i i i i i i 



114 116 118 120 

20 (deg.) 



FIG. 1. X-ray powder diffraction patterns around the 
(420) cubic reflection (Ni Ka radiation) in different BaBiC>3 
samples prepared as described in the text. Dashed curve cor- 
responds to the pattern for sample 1 after it was annealed at 
950° C for 6h. 

To characterize the samples, x-ray powder diffraction 
measurements using filtered Ni K Q radiation in the 29 
range 10-150° were performed at room temperature. All 
compounds were found to be single phase and no traces 
of starting materials were observed in the diffraction pat- 
terns. In accordance with early reports (l}^] the crystal 
structure of BaBi03 samples was found to be monoclinic, 
space group I2/m. 



TABLE I. Lattice parameters for BaBiOs samples 



No 




a (A) 


b(A) 


c(A) 


P 


1 


800 


6.182(2) 


6.136(3) 


8.663(3) 


90.17(3) 


2 


1080 


6.187(2) 


6.143(4) 


8.673(4) 


90.14(4) 


3 


930 


6.183(3) 


6.137(4) 


8.662(4) 


90.15(5) 


4 


1080 


6.184(2) 


6.136(3) 


8.670(3) 


90.14(3) 



The unit cell parameters were determined from the 
splitting of the high-angle lines, corresponding to cubic 
(420), (332) and (442) reflections. The results are listed 
in Table I. The lattice parameters agree well with those 
reported in the literature |]-||,[l0| . Note that it was found 
in Ref. 10 that the monoclinic angle (3 is larger for the 
samples sintered at 800° C than the angle for samples sin- 
tered at 1125°C. This tendency may also be seen in Table 
I, though for our data the difference is in the limit of the 
experimental error. 

It is interesting to note that in the present x-ray stud- 
ies we found that the width of the diffraction peaks is 
similar in samples 2-4, while it is substantially narrower 
in sample 1. Shown in Fig. 1 is the diffraction pattern 
corresponding to the (420) cubic reflection for polycrys- 
tallinc samples under study. In order to check whether 
this effect is really connected with the temperature at 
which the sample is prepared, we annealed part of the 
sample 1 at 950°C for 6 h. In Fig. 1 the diffraction 
pattern for this sample is also presented. It is clearly 
seen that the diffraction peaks in the annealed sample 
are broader than in the original sample 1 and they are 
very similar to the ones in samples 2 and 3. 

Examining the crystal structure of BaPbC>3, we have 
not found any evidence for monoclinic distortions, ac- 
cordingly the orthorombic (Ibmm) symmetry was as- 
sumed with unit cell parameters a = 6.0204(30), b = 
6.0628(15) and c= 8.5014(15)1, which agree well with 
those given by Marx et al jl2| . 

III. EXPERIMENTAL 

The 135 / 137 Ba spin-echo NQR experiments were per- 
formed at 4.2 and 77 K on a phase-coherent spectrome- 
ter with an averaging technique and the complex Fourier 
transformation. We studied the resonance in zero exter- 
nal magnetic field in the frequency region 10-25 MHz. 
The NQR spectra were measured recording point by 
point the maximal amplitude of the Fourier transform of 
the echo signal varying the transmitter frequency. The 
accuracy of the amplitude measurements was ~10%. The 
weight of the samples we used was about 10 g. The only 
exception was the sample 3 with the weight about 5 g. 
The natural abundances of 135 Ba and 137 Ba are 6.59% 
and 11.32%, respectively. The signal to noise ratio for 
the quadrupole resonance is extremely small, therefore 
relatively large averaging and the Carr-Purcel pulse se- 
quence [[l| were employed. 

The NQR spectra of barium in BaBiC>3 (sample 1) and 
BaPb0 3 at T = 4.2 K are displayed in Fig. 2. Two 
peaks in the spectrum of BaBiC>3 correspond to reso- 
nance on 135 Ba and 137 Ba nuclei. The ratio of frequen- 
cies, ^( 137 Ba)/i'( 135 Ba) = 1.54, agrees well with the ratio 
of the quadrupole moments Q( 137 Ba)/Q( 135 Ba) = 1.556. 
For BaPbC>3 the line near 13 MHz was attributed to the 
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137 Ba nuclei. This assignment was substantiated by an 
absence of any resonance near 20 MHz, which is expected 
if the 13 MHz line would correspond to the 135 Ba. Note 
that NQR of 137 Ba at the same frequency region was 
observed recently pf in BaPb^Bii-^Os (x= 0.91, 0.64). 



were able to use experimental conditions at which the 
amplitude of the two-pulse spin echo is practically not 
influenced by the relaxation. The ratio of areas under 
the resonance lines was found to be in this case S1/S4 ~ 
1.9 in a good agreement with the data obtained at 4.2 K. 



'E 
3 

.d 
1— 

CM 
> 

>. 

(75 
C 

£ 

o 

o 
cp 

c 

Q_ 

CO 



137 Ba /. 

• 

• 


BaPb0 3 


• 

• 








• 






• 


*- 


— I 1 1 


1 1 1 1 1 1 1 — 

BaBi0 3 * 137Ba 

• • 


t: 135 Ba 


• 

• 


• • 


• • 


• 


• • 
• 




• • 


J v 

1 


I i I i I 



12 



14 



16 



1? 



20 



v (MHz) 

FIG. 2. NQR spectra on Ba nuclei in BaBiOs (sample 1) 
and BaPb0 3 taken at T = 4.2 K. 

The NQR spectra of 137 Ba in four BaBiC>3 samples at 
T = 4.2 K, after the correction of the spin-echo amplitude 
for the weight of the samples, are presented in Fig. 3. All 
spectra are centered near 18 MHz. The linewidth is ~1.2 
MHz for the samples 1, 2 while it is ~1.7 MHz for the 
samples 3 and 4. The striking feature of the present study 
is that the NQR spectra for the samples which belong to 
group I and group II are similar. As will be shown below, 
all these spectra correspond to an ordered arrangement 
of Bi( 4+5 )+ and Bi( 4 " 5 )+ cations. Therefore the NQR 
data do not confirm the picture suggested by Chaillout 
et al. (see Section I). The only difference between the 
group I and group II, which may be found in the spectra 
presented in Fig. 3, is that the integrated intensity, which 
is proportional to the number of the resonating nuclei, is 
approximately two times larger in the sample 1 than the 
integrated intensity in the three other samples. 

Nuclear spin-lattice and spin-spin relaxation times are 
similar for all compounds: T\ ~3.4 s and Ti ~0.6 ms. 
Therefore the relaxation can not be responsible for the 
difference of the spin-echo amplitudes for the sample 1 
and samples 2-4. In order to substantiate further the 
effect, the measurements on the samples 1 and 4 at T = 
77 K were performed. Note that due to the more suitable 
set of the relaxation times (Ti ~0.04 s, T% ~0.6 ms) we 
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FIG. 3. 137 Ba NQR spectra at T = 4.2 K in four BaBiOs 
samples prepared in different ways. The amplitudes are cor- 
rected for the weight of the samples. The integrated intensity 
for the sample 1 is approximately two times larger than for 
samples 2-4. 



IV. DISCUSSION 

In the perovskites BaBiOs and BaPbC>3 barium occu- 
pies the cavities between the Bi(Pb)-0 octahedra which 
form three-dimensional network. Such arrangement im- 
plies covalency in the Bi(Pb)-0 bonds, while for barium 
the ionic state Ba 2+ with filled electronic shells seems 
to be appropriate approximation. Ionicity of the Ba 2+ 
bonding in the perovskite lattice is supported by NMR 
studies of 137 Ba in BaTiC>3 |IJ| , where no chemical shift 
within the experimental error was found, and also by 
NMR in BaPb^Bii^Oa @. This is further supported 
by recent pseudopotential calculation of the electronic 
structure of Ba(B,B')C>3 perovskites, performed by Bur- 
ton and Cockayne |lq]. 
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Thus, when analyzing the EFG at the Ba sites, only 
the contribution which arises from the charge distribu- 
tion of the surrounding ions has to be considered. In a 
conventional point charge model the component Vij of 
the EFG tensor is given by 

Vij = (1 - loo)^ e k (3x ik Xjk ~ $tj r k) r k 5 ' (!) 
ft 

where 700 is the Sternheimer antishiclding factor, e k is 
the charge and Xi k ,Xj k are the Cartesian coordinates of 
the fcth ion with a distance r k from the origin located at 
a given site. For 137 Ba (1=3/2) the NQR frequency may 
be written as 

- = ^VTT^A (2) 

where Q( 137 Ba)=+0.28 b, 77 = (V xx - V yy )/V zz is the 
asymmetry parameter. 

In the structure of BaM03 (M=Bi, Pb) the symmetry 
of arrangement of the M ions with respect to Ba sites 
is almost cubic. Consequently, if the charge distribution 
is regular, the contributions of the M ions to EFG on 
the Ba sites approximately cancel. This is the case for 
BaPb03, where the single valence state of Pb is taken 
for granted, and also for BaBi03 if the structure is or- 
dered with respect to the disproportionated Bi' 4+A ) + and 
Bi( 4 - 5 )+ cations. Note that as far as the m Ba NQR is 
concerned, the limiting cases of Bi 4+ cations or ordered 
Bi 3+ and Bi 5+ cations have nearly the same effect. The 
main contribution to EFG then arises from the oxygen 
octahedra rotations around the [110] cubic axes, which 
are known to be the main distortions of both structures 
relative to an ideal perovskite crystal. 

To demonstrate this point we have calculated the NQR 
frequency as a function of the rotation angle </>[no] for 
idealized BaM03 perovskite having undistorted octahe- 
dra with a single distance tm—o- In the calculations the 
value of the antishiclding factor = -70.7 for Ba 2+ , 
obtained within the framework of the local density ap- 
proximation [rifl , was used. This value agrees with the 
value 700 = -76 mentioned in Ref. 18. The lattice sums in 
(1) were calculated taking into account the contributions 
from lattice sites inside a sphere with radius of 120 A , 
although the radius of 60A was found to be large enough 
to obtain the EFG tensor within the 2% accuracy. 

Shown in Fig. 4 is the calculated NQR frequency as a 
function of (j>\no] for two values of tm-o corresponding 
to averaged Bi-0 (over two sites) and Pb-0 distances. 
Taking the mean octahedra tilts —8.3° for BaPbOs and 
-10.2-10.6° for BaBi0 3 (T =300 K) §JJl| even this 
simplified model accounts for observed NQR in the two 
compounds. 

The EFG on Ba sites in BaBi03 was calculated using 
crystal data of Thornton et al. M for T = 4.2 and 293 
K (see Table II). In this calculation an ordered arrange- 
ment of Bi 3+ and Bi 5+ ions was assumed. At T — 4.2 



K we have obtained NQR frequency of 17.2 MHz in a 
good agreement to the experimental value 18 MHz. The 
EFG at 293 K was found to be only —0.85 of the value at 
4.2 K reflecting the decrease of the average octahedra tilt 
from —11.6° to —10.6° in the same temperature region. 
The experimentally observed decrease of the NQR fre- 
quency z/(77K)/i/(4.2K) = 0.96 is in line with the above 
tendency. To our knowledge no data about the crystal 
structure of BaPbOs at T — 4.2 K exist, therefore the 
room temperature structure |l2] ] was used for the cal- 
culation. The results are given in Table II. Taking into 
account that the increase of the octahedra tilts with de- 
creasing temperature seems to be appropriate also for 
this compound 0, one can conclude that point charge 
model reproduces correctly the measured values of 137 Ba 
NQR frequency. 




FIG. 4. The U7 Ba NQR frequency as a function of the an- 
gle of oxygen octahedra rotation around [110] cubic axes, cal- 
culated using eqs. (1), (2). In the insert the NQR frequency 
as a function of the angle of additional octahedra rotation 
around [001] axes is plotted. In the calculations the idealized 
perovskite BaMOs structure consisting of undistorted octahe- 
dra with the single distance tm-o was used. The results for 
?M-o= 2.147 (dashed curve) and 2.200 A (solid curve) which 
correspond to average Bi-0 and Pb-O distances at 300 K are 
shown. The filled circles correspond to the NQR frequency 
for </>riio]= 8.3° and 10.4°, which are the average octahedra 
tilts for BaPb0 3 and BaBi0 3 ( T = 300 K), respectively. 

Let us now consider the structure of BaBi03 disordered 
with respect to disproportionated Bi ( - 4+,5 -' + and Bi^ 4_l5 ' )+ 
cations with 5 substantially different from zero. In this 
case a variety of random charge configurations of Bi with 
respect to the Ba sites gives rise to a broad distribution 
of EFG over the crystal. To simulate the situation we 
calculated the lattice sums (1) for random configurations 
of efc. The contributions from Bi sites inside a sphere 
with radius of 18A (—300 ions) were take into account. 
To obtain a good statistics 10 5 configurations were con- 
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sidered. Finally, the contribution from oxygen sites was 
added. The NQR spectra resulting from the above sim- 
ulation for (5=0.5 and 5=1 together with the one for 5=0 
are plotted in Fig. 5. It is seen that the disorder of 
Bi (4+<5)+ and bj(4-5)+ cations results in a strong broad- 
ening of the NQR spectrum and decreases the amplitude 
by an order of magnitude. 

We now turn back to the experimental spectra of 137 Ba 
in four BaBi03 samples presented in Fig. 3. The anal- 
ysis we performed suggests that the spectra observed 
in all samples correspond to an ordered arrangement of 
gj(4+5)+ anc j gj(4-<5)+ ca ti ons . Decrease of the number 

of the nuclei experiencing this ordered arrangement in 
the samples 2-4 is equivalent to the decrease of the corre- 
sponding volume. We can conclude therefore that sam- 
ples 2-4 are partially disordered with respect to the dis- 
proportionated Bi( 4+<5 ) + and Bi( 4 ~ 5 ) + cations. The de- 
gree of the disproportionation 5 have to be large enough 
to smear out the NQR from the charge disordered re- 
gions (see Fig. 5). In other words, the present NQR 
data do not support the model in which only small if any 
charge transfer between the two Bi sites exists. If the 
difference of Bi valencies is small, only broadening but 
not a decrease of the integrated intensity of 137 Ba NQR 
is expected. Our conclusion in this point is in accord 
with the results of neutron diffraction studies. However, 
we can't accept the model of Chaillout et al. |l(| (see 
Section I) for group II, according to which the structure 
arrangement of Bi ions corresponds to a 'total disorder 
of Bi 3+ and Bi 5+ cations ', as in this case no NQR spec- 
tra at around 18 MHz are expected for the samples 2- 
4. The results of neutron diffraction and NQR may be 
consistently explained if we assume that there exists a 
transition from the long-range ordering of Bi < - 4+<5 ^ + and 
gj(4-<5)+ ^ <-^) for group I, to short-range ordering with 
a coherence length smaller than the intrinsic coherence 
length for neutrons (group II). Such a transition should 
not lead to any substantial change in the NQR, but it 
may smear out corresponding extra reflections in the neu- 
tron diffraction patterns. The situation could be similar 
to the one in the mixed- valency perovskite manganites, 
where inhomogeneous spatial mixture of charge-ordered 
and charge-disordered microdomains with a size of 20-30 
nm was found recently p9[ . It is tempting to connect 

TABLE II. Electric field gradient on 137 Ba nuclei (V Z2 ), 
asymmetry parameter (rj) and NQR frequency (v ca i c ) cal- 
culated using the point charge model together with the ex- 
perimental values of NQR frequency {v e xp) for BaBiC>3 and 
BaPbOa . 



the broadening of the x-ray diffraction peaks (Fig. 1) 
for the samples 2-4 with spatial distribution of the lat- 
tice parameters which results from such inhomogeneous 
mixture. 



compound T(K) V ' zz 


(10 21 V/m 2 ) 


V 


^caic(MHz) 


f elp (MHz 


BaBi0 3 


4.2 


-4.88 


0.48 


17.2 


18.0 


BaBi0 3 


300 


-4.15 


0.54 


14.7 




BaPbOa 


4.2 








13.0 


BaPbOa 


300 


-2.80 


0.47 


9.84 






FIG. 5. 



40 60 80 100 

v (MHz) 

The simulated NQR spectra of 137 Ba in 



BaBiQ 4 5 h ' 5 ' + BiQ 4 pr' i ' + 03 disordered with respect to Bi ions for 
three values of 5. The individual contributions to the spec- 
tra are broadened by linewidth 1 MHz. The amplitudes are 
increased in proportion to v 2 to reproduce the picture which 
should be observed experimentally. 



Another feature of the present NQR study which was 
not yet discussed is surprisingly large linewidth of NQR 
in both BaBiC>3 and BaPbC>3 comparing to linewidth ex- 
pected for a perfectly ordered structure. The ordinary 
source of the broadening, i.e. the defects (like oxygen va- 
cancies) or impurities is unlikely. For BaBiC>3 the sam- 
ples 2 and 3 were prepared from the same mixture of 
the starting materials, but they show substantially dif- 
ferent linewidths (~1.2 and ~1.7 MHz). On the other 
hand, the samples 1 and 2, produced in different ways 
and in different laboratories, show identical spectra. Fi- 
nally, the NQR spectrum of BaPb03 is very similar to 
that obtained for BaPbo.91Big.09O3 (Ref. 14) in spite of 
9% substitution of Bi for Pb! The strong broadening of 
NQR suggests an essential local distortions of the per- 
ovskite crystal structure for both compounds. Based on 
the EXAFS analysis, it was proposed recently p0| , that 
in BaBiOs local oxygen octahedra rotations have in ad- 
dition to the [110] component a disordered component 
about the [001] axis. In our idealized model of the per- 
ovskite structure it is easy to estimate that the observed 
NQR linewidth may result from a disordered rotation of 
~3° about the [001] axis (see insert in Fig. 4). Note 
that for the [100] and [010] axes which make the angle 
45° with [110] axis, considerably smaller rotation angle 
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is enough to account for the NQR linewidth. 



V. CONCLUSIONS 

The NQR of barium was studied in BaBi03 and 
BaPbC>3. The analysis of the NQR data for BaBiC>3 sup- 
ports the double valence of the Bi ions. Our results indi- 
cate that there exists ordering arrangement of Bi^ 4+<5 '+ 
and Bi < - 4_<5 - )+ ions for the samples studied, irrespectively 
of the preparing conditions, in contradiction with the 
models used until now. We propose that the degree of 
the ordering is higher in the BaBi03 sample synthesized 
at 800°C than in the ceramic samples and single crystal, 
which are prepared at 930-1080°C. The broadening of the 
NQR suggests that the local distortions of the structure 
are essential in both BaBi03 and BaPb03 compounds. 
The point charge model accounts for observed EFG on 
Ba sites. 
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